Abstract Ground deformation has been demonstrated to be one of the most common signals of volcanic unrest. Although volcanoes are commonly associated with significant topographic relief, most analytical models assume the Earth's surface as flat. However, it has been confirmed that this approximation can lead to important misinterpretations of the recorded surface deformation data. Here we perform a systematic and quantitative analysis of how topography may influence ground deformation signals generated by a spherical pressure source embedded in an elastic homogeneous media and how these variations correlate with the different topographic parameters characterizing the terrain form (e.g., slope, aspect, curvature). For this, we bring together the results presented in previous published papers and complement them with new axisymmetric and 3D finite element (FE) model results. First, we study, in a parametric way, the influence of a volcanic edifice centered above the pressure source axis. Second, we carry out new 3D FE models simulating the real topography of three different volcanic areas representative of topographic scenarios common in volcanic regions: Rabaul caldera (Papua New Guinea) and the volcanic islands of Tenerife and El Hierro (Canary Islands). The calculated differences are then correlated with a series of topographic parameters. The final aim is to investigate the artifacts that might arise from the use of half-space models at volcanic areas due to diverse topographic features (e.g., collapse caldera structures, prominent central edifices, large landslide scars).
Introduction
Ground deformation has been demonstrated to be one of the most common signals of volcanic unrest. Various source mechanisms have been proposed to explain observed volcano deformation including: (1) magmatic processes leading to pressure source growth (e.g., Lundgren et al. 2003; Bonaccorso et al. 2005; de Zeeuw-van Dalfsen et al. 2012) or dyke injection (e.g., Pollard et al. 1983; Fukushima et al. 2005) , (2) slip along faults (e.g., Okada 1985; McTigue and Segall 1988; Cervelli et al. 2001; Masterlark 2003) , (3) pore pressure variations in the hydrothermal system(s) (e.g., De Natale et al. 1991; Dzurisin and Johnston 2003; Poland et al. 2006; Masterlark 2007) or (4) ground deformations due to deep fluid injection in shallow aquifers (e.g., Chiodini et al. 2003; Troiano et al. 2011) . Thus, even if geodetic monitoring networks may be capable of recording the unrest signal at the surface, it is difficult to directly identify where and how are the pressure sources responsible for the observed deformation.
Analytical models have been used as a first approach to understand the link between the measured ground deformation signals and the related pressure source. These models are able to consider single pressure sources, such as individual punctual, spherical, ellipsoidal or dike-like ones, in a homogeneous or simple layered media under the assumption of different rock rheologies (e.g., elasticity, viscoelasticity) (e.g., Mogi 1958; Rundle 1978; Davis 1983; Bonafede et al. 1986; McTigue and Segall 1988; Yang et al. 1988; Dragoni and Magnanensi 1989; Roth 1990; Fernández and Rundle 1994; Yu et al. 1996) . However, it has been demonstrated that in volcanic zones a more advanced and accurate modeling is required. Therefore, numerical methods (e.g., finite elements FE or boundary elements BE) have become very popular tools, since they are capable of considering other relevant parameters in their calculations such as reservoir multiplicity, topography and irregular distribution of the host rock mechanical properties (e.g., Cornet 1997, 1998; Folch et al. 2000; Trasatti et al. 2003; Lungarini et al. 2005; Charco et al. 2007; Currenti et al. 2007; Manconi et al. 2007; Masterlark 2007; Meo et al. 2008; Del Negro et al. 2009; Hautmann et al. 2010; Geyer and Gottsmann 2010; Manconi et al. 2010; Ronchin et al. 2013; Charco and Galán del Sastre 2014; Pascal et al. 2014) .
Although volcanoes are commonly associated with significant topographic relief, most analytical models assume the Earth's surface as flat and use half-space solutions (e.g., Mogi 1958; Okada 1985; McTigue 1987) . Nevertheless, in recent years, it has been confirmed that this approximation may lead to important misinterpretations of the recorded surface deformation data (e.g., Cayol and Cornet 1998; Trasatti et al. 2003; Lungarini et al. 2005) . Two separate approaches have been traditionally followed to account for this topographic effect: (1) the modification of existent analytical expressions (e.g., Wadge 1998, 2000) and (2) the elaboration of forward FE or BE models to evaluate, in more detail, the effect of some topographic features such as edifice height or slope. In the latter case, topography has been integrated either as simple geometries (e.g., Cayol and Cornet 1998; Folch et al. 2000) or real topographies based on data from digital elevation models DEM (e.g., Lungarini et al. 2005; Meo et al. 2008) .
Even if the effect of topography on the surface deformation signal has been a quite visited topic, to the authors' knowledge, there is no systematic and quantitative analysis of how this correlates with the different topographic parameters characterizing the terrain form (e.g., slope, curvature). Thus, the objective of this paper is to evaluate which specific aspects of the topography influence most the resultant ground deformation signal at the surface. The final aims are to investigate the artifacts that might arise from the use of half-space models of volcanic areas considering their diverse topographic features (e.g., collapse caldera structures, prominent central edifices, large landslide scars) and to stress the importance of including topography in finite element models.
For this, we present a brief summary of the methodologies and results exposed in previous published papers and supplement them with new FE models results. First, we perform a series of axisymmetric models aimed to study, in a parametric way, the influence of a volcanic edifice centered above the axis of a spherical pressure source (Fig. 1a) . We investigate in particular the effect of the size ratio of the volcanic edifice to the pressure source, the slope angle of the edifice and its height. Second, we carry out new 3D FE models implementing the real topography of three different volcanic areas (Fig. 1b) : Rabaul caldera (Papua New Guinea) and the volcanic islands of Tenerife and El Hierro (Canary Islands). These zones are representative of topographic scenarios common in volcanic regions. Results obtained are compared to the analytical solution of a spherical pressure source embedded in a homogeneous elastic half-space provided by McTigue (1987) . The calculated differences are correlated with a series of topographic parameters describing the main terrain form features. Fig. 1 a Schematic illustration of the axisymmetric FE models indicating the applied boundary conditions. The model domain extends down to 25 km depth and up to 25 km laterally from the axis of symmetry. Black crosses indicate fixed zero displacement along the domain edges; b FE mesh and boundary conditions of the 3D models (example of Tenerife island). Black crosses indicate fixed zero displacement over the domain boundary; c graphical representation of the difference between the reference elevation model REM and the varying-depth model VDM; d conceptual difference when defining the sea level (s.l.) or the volcano summit as reference level for the flat model Surv Geophys (2015) 36:513-548 515 2 Understanding the Effect of Topography on Volcano Deformation
From Analytical Formulations to Numerical Methods
In recent years, several attempts have been made to evaluate the effect of topography on measured ground deformation signals. As mentioned, two different approaches have been considered: (1) including the topographic effect in existing analytical formulations and (2) applying numerical methods considering approximate or close-to-real topographic free surfaces (e.g., FE or BE modeling). In the next few lines, we offer a summary of the most relevant observations complementing them with results of our own numerical simulations (Figs. 2, 3) . The latter correspond to a series of simple FE axisymmetric models similar to those previously presented by other authors (e.g., Cayol and Cornet 1998; Folch et al. 2000; Trasatti et al. 2003; Charco et al. 2007; Currenti et al. 2007 ) (Fig. 1a) . We simulate a spherical pressure source of radius a located at a depth d below the Earth's surface with a pressure change DP of 15 MPa. The models consider the existence of a volcanic edifice of height h, radius R_edif and slope a centered on the symmetry axis, i.e., pressure source axis (Fig. 1a) . In the different models, we have varied one or two of the parameters listed above to evaluate their individual effect on the ground deformation signal (Table 1 ). The medium is considered to behave as a homogeneous linear elastic material characterized by a Young's modulus of 45 GPa and a Poisson's ratio of 0.25. Linear elasticity is commonly accepted when simulating ''instantaneous'' processes compared to the relaxation time of the volcano, except in those cases when deforming processes of long duration are involved or there is clear evidence for short-term viscoelastic effects (e.g., Newman et al. 2001; Lungarini et al. 2005; Meo et al. 2008; Bonafede and Ferrari 2009) . The far-field boundaries are fixed to zero displacement, whereas the upper boundary is treated as a stress-free surface (Fig. 1a) . The numerical solutions for the displacements are computed with the commercial software package COMSOL Multiphysics 4.4 (http://www.comsol. com), which solves the equations of linear elasticity using the finite element method (FEM). A description of the FEM is provided by Zienkiewicz (1979) , and further discussion of the FEM as well as other numerical methods, in the context of solving rockmechanics problems, is given by Jing and Hudson (2002) . In order to offer maximum resolution in the areas of interest, the linear triangular elements of the mesh decrease in size near the reservoir wall and the free surface (Fig. 1b) . Traditionally, the most immediate and common way to account for topographic effects on ground deformation signals was the so-called reference elevation model (REM). This consisted of ''moving up'' the reference level of the flat model (commonly the sea level, i.e., z = 0) by adding a constant value e ref to the assumed pressure source depth respect to the sea level d sl (Fig. 1c; Williams and Wadge 2000 . Black dashed lines represent the solutions considering the sea level, z = 0 (also edifice base in our models), as reference for the flat model. The dotted lines are the solutions considering the altitude of the point on the Earth's surface (i.e., topographic surface) that is directly above the pressure source center (edifice summit in our models), as reference for the flat model. A sketch of these two reference levels for the flat McTigue analytical models is illustrated in the inset in the upper left graph, where r is the horizontal distance from the observation point to the pressure source center. Meaning of the different variables is in the text and illustrated in Fig. 1a Surv Geophys (2015) 36:513-548 517 flat models is the mean sea level, e ref corresponds to the average elevation of the region considered (Fig. 1c) . One of the main drawbacks of this methodology is not being able to include those effects coming from an irregular topographic profile. The first attempts to improve the REM method were made by McTigue and Stein (1984) and McTigue and Segall (1988) . These authors, following the work by McTigue and Mei (1981) , introduced the effect of topography by simulating the pressure source as lines of dislocation and determining the correction due to a small slope topographic profile. Later on, Williams and Wadge (1998) tried to adapt the McTigue (1987) formulation to be able to include the effect of irregular topographies. The proposed varying-depth model (VDM) Fig. 3 a (left) Difference between the vertical displacements expected by the McTigue solution for a halfspace with the altitude of the point on the Earth's surface (i.e., topographic surface) directly above the pressure source center (or edifice summit in Tenerife and El Hierro models) as reference level Uz FLAT and the FE models considering topography Uz TOPO . We define Uz_dif = Uz TOPO -Uz FLAT . (right) The same is for the horizontal displacements, i.e., Ur_dif = Ur TOPO -Ur FLAT . b Ratio between the maximum horizontal Ur max and vertical Uz max displacements for the different FE models relaxes the restriction of a flat free surface and allows the pressure source depth to vary with topography (Fig. 1c) . Thus, d sl is replaced by d corr_i = d sl ? e ref_i , where e ref_i corresponds to the topographic elevation at each point P TOPOi . Since the VDM generates relatively accurate results for vertical displacements and tilts, but less satisfactory ones for the horizontal deformation, Williams and Wadge (2000) proposed as an alternative the topographically corrected method (TCM). The TCM uses a zero-order solution with a fixed reference elevation and then applies corrective terms of first order in the characteristic slope (Williams and Wadge 2000) . This method offers fairly accurate results even in regions of relatively large slope. These methodologies proposed by Wadge (1998, 2000) are very good options (in terms of computational time) to consider topographic effects for quantitative interpretation (i.e., inverse problem) of ground deformation at volcanic areas. Nevertheless, even if capable of providing a first-order approximation, these half-space models corrected to take into account topographic effects are not able to properly reproduce the actual influence of real topography (Lungarini et al. 2005; Meo et al. 2008) .
In recent decades, the use of numerical methods has considerably increased due to the improvement in power of the computational resources. First in 2D or assuming axial symmetry, and later also considering 3D geometries, the main advantage of numerical methods is that they allow incorporating realistic features such as ''real'' topographic relief. Fig. 1a . The second column illustrates simplified sketches of the model's upper domain and the variable conditions in the model set. All three models extend down to 25 km depth and have the same spherical pressure source, of 0.5 km radius. Its top is located at 3000 m below the surface and the selected magma overpressure is 15 MPa. Gray cells highlight the variable parameters in the model sets Surv Geophys (2015) 36:513-548 519 Additionally to forward modeling, numerical methods have also been used to test the correctness of the adapted analytical methods (e.g., Williams and Wadge 2000) . Contemporarily to the work of Wadge (1998), Cayol and Cornet (1998) carried out a series of BE models considering an axisymmetric volcano with average flanks slopes a ranging from 0°to 30°. A similar setup was used by Trasatti et al. (2003) who investigated the effect of topography and rheological layering. Apart from this group of works using simple geometries as a first-order approximation of volcano edifices (e.g., Cayol and Cornet 1998; Folch et al. 2000; Trasatti et al. 2003; Charco et al. 2007; Currenti et al. 2007 ), several studies have been carried out integrating real topographies in FE models (e.g., Beauducel and Cornet 1999; Russo and Giberti 2004; Bonaccorso et al. 2005; Lungarini et al. 2005; Currenti et al. 2008; Letourneur et al. 2008; Meo et al. 2008; Casagli et al. 2009 ). For example, Lungarini et al. (2005) rigorously modeled 3D topographic effects on ground displacement at Mt. Etna comparing the FE results with the analytical solutions and identified the best way to apply the analytical Mogi model (1958) . Other interesting works presented by Russo and Giberti (2004) and Meo et al. (2008) focused on Mt. Vesuvius and showed, through the comparison of FE models and corrected half-space model results, the importance of using a full 3D topography when studying ground deformation at volcanoes.
Main Observations
In general terms, results obtained in the different published works indicate that topographic effects tend to amplify or attenuate the ground deformation signal expected by a flat or half-space model. Consequently, neglecting topography (i.e., a flat free surface is considered) inverse modeling leads to misestimates of the amount of pressure or volume change and chamber depth.
The origin of this attenuating or amplifying topographic effect may be primarily due to changes in the radial distance RD between the free surface (i.e., topographic surface) and the pressure source center given as:
where r i corresponds to the horizontal distance from each point of the topographic surface P TOPOi to the pressure source center (Fig. 1c) . Notice that the concept of increase (amplification) or decrease (attenuation) of the displacement values compared to the flat model depends on which reference level is chosen for the latter one. Traditionally, analytical models tend to select the sea level (i.e., z = 0) as reference, even if this inhibits the possibility of pressure sources located at higher elevations. Thus, any given point P TOPOi with e ref_i [ 0 (i.e., d corr_i [ d sl ) is, consequently, at a larger radial distance from the pressure source than its analog (with the same r i ) located at the reference level for the analytical half-space model of McTigue (1987) (from here on referred to as flat model) P FLATi (i.e., RD TOPO [ RD FLAT ) (Fig. 1c; Williams and Wadge 1998) . This would lead to an attenuation of both the vertical Uz and the horizontal Ur displacements (Fig. 2a, d label I). This phenomenon can be explained because in the uppermost part of the medium (i.e., between sea level and the summit), a large portion of material is added when a volcanic edifice, instead of a flat surface, is modeled ( Fig. 1d ; Trasatti et al. 2003) . By contrast, if the reference level for the flat model corresponds to the volcano summit (e.g., Cayol and Cornet 1998; Trasatti et al. 2003) , the presence of topography causes a decrease in RD (Fig. 1d) and a general increase of Uz and Ur (Fig. 2a, d label II). This is due to the fact that material is removed between the sea level and the edifice summit when passing from a flat surface to a volcanic edifice geometry (Fig. 1d ). This reduction of material to be displaced allows larger deformations and, in addition, points laying on the topographic surface are closer to the source (Trasatti et al. 2003 ). This effect is particularly important for relatively shallow pressure sources (i.e., d/h \ 2) (Fig. 2a) and regions of steep topography, and decreases at greater distances from the pressure source (Fig. 2b , c label III and Fig. 3a) . Unless otherwise indicated, the reference level for the flat model corresponds to the altitude of the point on the Earth's surface (i.e., topographic surface) that is directly above the pressure source center. In the present models, this coincides with the volcano summit.
From our own numerical results, we observe that the distance at which the topographic effect begins to be negligible depends on the edifice radius R_edif and its slope angle a (Fig. 3) . In any case, Uz seems to attenuate closer to the pressure source center than Ur (Fig. 3) . In fact, analytical models have already indicated that the vertical deformation field is more sensitive to abrupt changes in topography, while the horizontal field is more sensitive to the average regional topography or to longer wavelength topography (cf. Williams and Wadge 1998) .
It has been observed that the influence of the topography is not only restricted to changes in the values of Uz and Ur but also in the shape of the displacement field (e.g., McTigue and Segall 1988; Cayol and Cornet 1998; Trasatti et al. 2003; Meo et al. 2008) . Whereas the flat model solution presents an axisymmetric, bell-shaped distribution of Uz with its maximum Uz max just above the pressure source center, under the presence of topography, the Uz profile gets perturbed (Fig. 2) . If the volcanic edifice is positioned at the pressure source axis, the center of expansion produces a horizontal extension and a relative subsidence at surface. This means that on the topographic surface there will be an annular region of maximum uplift with a slight central depression ( Fig. 2b label IV ; McTigue and Segall 1988; Cayol and Cornet 1998) . Thus, the vertical displacement curve gets distorted with respect to the regular bell-shaped Uz signal of the flat model, having Uz max located at a certain horizontal distance r, which varies depending on the shape and size of the topographic relief. From Fig. 2b , c, it is obvious that the steeper the volcano, the more prominent the central depression and Uz max is located at larger distances from the pressure source axis. The presence of this local minimum of Uz leads to a variation, or even an inversion, of the tilt signal (Cayol and Cornet 1998; Trasatti et al. 2003) . The complex deformation pattern is still present for deep sources, but with a smaller amplitude (Fig. 2a) . This is an important feature, as it may affect the estimated horizontal position of the pressure source as previously observed by other authors (Cayol and Cornet 1998; Wadge 1998, 2000) .
Numerical results presented here allow observing other interesting topographic effects on the ground deformation signal. Regarding the vertical displacement, we can observe that the presence of topography does not amplify Uz at all points of the free surface ( Fig. 3) . At a certain distance from the axis, the vertical displacement measured with topography Uz TOPO becomes smaller than the one provided by the flat model solution Uz FLAT , i.e., Uz_dif = Uz TOPO -Uz FLAT \ 0 (Fig. 2c label V and Fig. 3a) . Commonly, in the latter situation, Uz_dif is negligible ((1 mm) (Fig. 3a) . However, for steep topographies with the pressure source located at depths d shallower than the corresponding edifice height h, i.e., d \ h, (Model set 3, a [ 30°, Supplementary material 1), this difference may increase up to 1.5 mm ( Fig. 3a Model set 3). It is evident that such high slopes may not be representative of edifice flanks, but they may be of landslide scars or collapse caldera walls. Also remarkable is that the position of Uz max migrates to larger r values for steeper topographies (Fig. 2c) . Widening the volcano edifice (i.e., increasing R_edif), while keeping constant its height h and the pressure source depth d, does not change the extension of Uz perturbation ( Fig. 2b label IX) .
Regarding the Ur profile, it is possible to detect the end of the topographic element, in this case, the central edifice. If Ur max is located at r \ R_edif, there is a slight notch or slope change along the Ur profile ( Fig. 2b label VI) . This phenomenon is less marked for deeper pressure sources (Fig. 2a) and steeper edifice slopes (Fig. 2c) .
Higher flank slopes tend to shrink the Ur curve and also lead to Ur_dif = Ur TOPOUr FLAT \ 0, i.e., Ur TOPO \ Ur FLAT (Figs. 2b, c, 3) . Whereas for the flat model the Ur pattern is monotonically growing until Ur max (Fig. 2a) , under the presence of steep topography, there is an inflection point located prior to Ur max at r = 2a (Fig. 2b , c label VII). Besides, steeper edifice slopes tend to widen the area characterized by zero Ur at the top of the edifice, i.e., above pressure source ( Fig. 2b label VIII) .
The effect of topography, especially in the case of steep volcanoes, also has a strong influence on the ratio between the maximum horizontal and vertical displacements Ur max / Uz max (Trasatti et al. 2003; Lungarini et al. 2005; Fig. 3b ). In all our models the latter is considerably higher than the one provided by Mogi or McTigue models (Ur max / Uz max & 0.38), which remains constant for different source depths. Results obtained with Model set 1 (pressure source depth d varies) indicate that Ur max /Uz max tends to & 0.38 for increasing d. This is related to the fact that, for shallow sources, volcano slopes enhanced the free effect on Ur, because some areas are not horizontally confined (Lungarini et al. 2005) .When studying the results obtained with Model set 2 (edifice height h and pressure source depth d remain constant but R_edif and a vary), we observe that the ratio increases almost up to a = 25°, decreases slightly between 25°and 35°and suddenly increases for a [ 35°. The reason may be the nonlinear increase rate of Ur max and Uz max with a. Up to around 25°, they have more or less the same increasing rate but Uz max accelerates earlier (at a & 25°) than Ur max (at a & 35°) (Supplementary material 2). The results obtained for Model set 3 show how the ratio increases linearly with the slope angle a following a function Ur max /Uz max = K 1 a ?K 2 , where K 1 and K 2 are two constants that both depend on the pressure source depth d and the edifice radius R_edif (Supplementary material 3) . Regarding the increase in size of the edifice compared to the pressure source (Model set 4), for smaller edifices, the Ur max /Uz max ratio is 0.44 and it starts increasing for R_ed-if [ 2a. Then, when R_edif [ 5a, there is a slowdown of the increase and the ratio remains approximately constant at 0.48. Lungarini et al. (2005) noticed that, in case topography is considered in the models, the Ur max /Uz max ratio is strictly related to the source depth, being larger for shallower sources and smaller for deeper ones.
Throughout these simple axisymmetric models, we extended the previous study and we probe how the influence of topography on the observed ground deformation signal is not simply dependent on RD and on depth, as previously stated, but on a set of parameters including edifice slope and size. For example, free effects on Ur due to not horizontally confined areas increase the Ur max /Uz max ratio strongly depending on the edifice slope (Model set 3 results). In Model set 2 results, at a fixed distance r = 4a from the pressure source axis, even if the difference between RD TOPO and RD FLAT increases (in absolute values) with the edifice slope a (Supplementary material 1), there is almost no difference in Uz for the a = 30°and a = 40°models (Figs. 2b, 3b ). The same can be observed at r = 6a or in the results of Model set 4.
New 3D FE Models
Here we investigate how changes in the ground deformation signal due to the presence of topography correlate with different parameters describing the terrain form. This is done by means of new 3D FE models for three topographically different volcanic areas: Rabaul and El Hierro and Tenerife islands. The results obtained are compared then to the analytical solution of the McTigue half-space model (1987) .
The rationale behind the choice of these examples is that they represent three topographic scenarios common in volcanic areas (Fig. 4) : (1) Rabaul is the expression of a caldera with a smooth topography, (2) Tenerife-Las Cañadas volcanic area is a caldera characterized by a rim with high and steep slopes and the presence of a prominent central volcanic complex (Teide-Pico Viejo) and (3) El Hierro island, smaller in scale than Tenerife, is characterized by three convergent ridges of volcanic cones separated by wide and prominent landslides. Besides, these three areas have experienced periods of registered ground deformation signal (Rabaul and El Hierro) or may be prone to do so in the future (Tenerife) (McKee et al. 1984; Eff-Darwich et al. 2008; López et al. 2012; González et al. 2013) . A brief introduction to the individual case studies is offered below.
Case Studies

Rabaul
Rabaul is a historically active volcanic system with a nested 9 9 14 km caldera complex. Seismic tomography reveals that Rabaul is underlain by two low seismicity zones that have been interpreted as magma batches, a shallow one extending from 2 to 4 km depth and a not-well-defined deeper chamber extending from 10 to 18 km depth (Finlayson et al. 2003; Bai and Greenhalgh 2005; Itikarai 2008; Johnson et al. 2010) .
Rabaul has erupted frequently in the last several hundred years, with the most recent episode of volcanic unrest in 1971 culminating with the seismic crisis of September 1983 (McKee et al. 1984 Mori and McKee 1987; Mori et al. 1989; Jones and Stewart 1997; Itikarai 2008; Johnson et al. 2010 ). The seismic crisis was accompanied by about 80 cm of uplift in the central part of the caldera, whose origin is still under debate. Whereas some authors claimed that deformation was due to the pressurization of shallow magmatic or hydrothermal sources in the caldera block (McKee et al. 1984; Mori and McKee 1987; Geyer and Gottsmann 2010) , others suggested overpressure of a deep magma reservoir (De Natale and Pingue 1993), or the partial intrusion of a dike along the ring-fault structure (Saunders 2001 (Saunders , 2005 . More recently, Ronchin et al. (2013) suggested the contribution of slip along a sector of the ring fault and shallow magma chamber pressurization using a combination of Okada model and a complex 3D FE model that included the topography. After May 1985, seismicity significantly decreased and an eruption did not take place until 1994. On September 19, 1994, Rabaul began an explosive phase with the simultaneous eruption of two volcanic cones, located at the opposite sides of the caldera (Fig. 4a) : Tavurvur and Vulcan. The activity at Vulcan ceased by October 2, 1994, whilst explosive eruptions at Tavurvur continue to occur intermittently.
One of the main characteristic topographic features of the Rabaul complex is the caldera wall, which is interrupted to the East by the entrance to Blanche Bay. The maximum height of the emerged caldera scarp is approximately 450 m a.s.l. in the southwest, whilst in the north it reaches between 100 and 180 m a.s.l. The caldera floor is 295 m b.s.l. at its deepest Surv Geophys (2015) 36:513-548 523 part in Karavia Bay (Fig. 4a) . Besides, Rabaul area is characterized by a gentle low-lying topography interrupted by the small relief of the intracaldera and satellite cones to the northeast (maximum elevation of Kabiu, 688 m) (Fig. 4a) . horizontal axes correspond to the pressure source distance assuming the coordinates listed in Table 2 3.1.2 Tenerife Island-Las Cañ adas caldera
Tenerife and El Hierro islands belong to the roughly linear 500-km-long Canarian Archipelago, the result of extended volcanic and tectonic activity that started around 60 Ma ago (Robertson and Stillman 1979; Le Bas et al. 1986; Araña and Ortiz 1991; Marinoni and Pasquarè 1994) . Tenerife is characterized by a long-lived (ca. 12 Ma) subaerial volcanism including many constructive and destructive phases (Ancochea et al. 1990; Martí et al. 1994; Ablay and Martí 2000; Thirlwall et al. 2000; Carracedo et al. 2007; Blanco-Montenegro et al. 2011) . Three basaltic shield volcanoes were formed between 11 and 4 Ma (Ancochea et al. 1990; Thirlwall et al. 2000) : Teno, Anaga and Roque del Conde. Later, younger (\3 Ma) and more differentiated magmas (e.g., phonolitic) constructed the larger edifice, Las Cañadas volcano, merging the shield remnants (Ancochea et al. 1990; Martí and Gudmundsson 2000; Carracedo et al. 2007 ). This edifice is truncated by three overlapping vertical collapses (Ucanca caldera *1.02 Ma, Guajara caldera *0.57 Ma and Diego Hernandez caldera *0.17 Ma) that formed the current Las Cañadas caldera ( (Gottsmann et al. 2006 ). Other studies (Fernández et al. 2005 ) detected ground deformation due to changes in the groundwater level. Thus, at the moment, unrest is only a seismic unrest not followed by any deformation due to magma pressure source. Nevertheless, surface deformations related to the volcanic activity may be possible in the future. This is why nowadays the scientific community is providing complex mathematical models of the island (Charco et al. 2007; Charco and Galán del Sastre 2014) . Indeed, the study of Tenerife is important for the interpretation of possible deformation signals at the island itself or at volcanic areas with similar topographies.
Principally, the island topography is characterized by large composite landslides on the northern (Icod and La Orotava valleys) and southeastern (Güimar valley) flanks (Fig. 4b) . The highest relief is the Teide-Pico Viejo volcanic complex (3718 m a.s.l) that is embraced to the southeast by the steep walls, up to 500 m height, of Las Cañadas caldera (Fig. 4b) .
El Hierro Island
El Hierro, the youngest of the Canary Islands (oldest subaerial rocks dated at 1.12 Ma), is situated at the southwestern corner of the archipelago and rises from 4000 m depth to an altitude of about 1500 m a.s.l. (Guillou et al. 1996) . The island was formed by the consecutive growth of two volcanic edifices, Tiñor volcano in the NE and El Golfo in the NW. El Hierro includes three rift zones defined by narrow and steep topographic ridges corresponding to aligned dike complexes with clusters of cinder cones. These rift zones are separated by the landslide scars of El Golfo, Las Playas and El Julán to the NW, SE and SW, respectively (Fig. 4c) .
Starting on July 7, 2011, different precursory signals were monitored to define the nature of El Hierro unrest that culminated on October 10 in a submarine volcanic eruption after, at least, 200 years of quiescence. The first precursor sign of magma intrusion was the northeast displacements recorded by a GPS station, followed by the earthquake swarm that was initially focused on the north of the island. Later in September, both seismicity and Surv Geophys (2015) 36:513-548 525 ground deformation seemed to trace a magma migration toward the south (López et al. 2012) . By the time the eruption started, almost 10,000 earthquakes had been located and a maximum deformation of more than 5 cm was recorded (López et al. 2012 ).
FE Methodology
The performed 3D FE models are constructed over a Cartesian coordinate system with positive z values related to altitude above sea level. The computational domain corresponds to an approximately 100 9 100 km portion of each of the selected volcanic area stretching to a depth of 20 km under the sea level ( Fig. 1b ; Table 2 ). The computational domains are modeled as linear elastic material with a constant Young modulus of 45 GPa and Poisson's ratio of 0.25, and their size ensures no border effects due to the assigned boundary conditions (i.e., fixed displacement at lateral walls and base) (Fig. 1b) . In all models, the pressure source is represented by a spherical cavity of radius a = 1500 m, whose top is located at the center of the computational domain at a depth d = 3000 m below the Earth's surface. The pressure in excess DP of 20 MPa is imposed uniformly distributed around the cavity boundary. In each case, the topography is modeled as a parametric surface using as input data the DEM of the area with a 100-m grid resolution. UTM coordinates of the domain limits and pressure center (C x , C y , C z ) are listed in Table 2 . The FE meshes of all three models consist of around a million linear tetrahedral elements, with up to 100 m size at the topographic surface and around the pressure source for higher accuracy of the results ( Fig. 1b; Table 2 ). The geometric modeling, mesh discretization and numerical computation were carried out with COMSOL Multiphysics 4.4 software package (http://www.comsol.com).
In order to estimate the values of the different parameters describing the terrain form, we have sampled the topography with a regular square grid of 200 m sampling interval. This allows us to investigate for all the three models the correlation between the topographic parameters and the displacement components (Uz and Ur) over a grid of points consistent in number and horizontal position with respect to the pressure source. At the same time, it permits a manageable number of sampling points, reducing the computational efforts during the calculation of the topographic parameters while maintaining a good topographic resolution.
For each grid point, we calculate Uz_dif and Ur_dif and correlate them with the values of the selected topographic parameters at that particular point. This allows us to investigate the possible connections between topographic features and the difference in ground deformation signal. Similarly to the axisymmetric models of previous section, we chose as reference level for the flat model the altitude of the point on the Earth's surface (i.e., topographic surface) that is directly above the pressure source center. Thus, for the Rabaul case where the center of the deformation source is located under Blanche Bay, the reference level is positioned at 34.5 m b.s.l ( Fig. 4a; Table 2 ). In the case of Tenerife and El Hierro, the reference level almost corresponds to the maximum topographic elevation since the sources of deformation are placed under the Pico Teide and the edge of El Golfo embayment scarp, respectively ( Fig. 4b, c ; Table 2 ).
Topographic Parameters
To fully represent the geometric distortions introduced by the topography at each sampling point of the free surface, we perform the analysis using six topographic parameters. In terrain studies, the topographic surface is usually characterized by a series of standard parameters: (1) slope (angle of inclination of a hillside), (2) aspect (direction in which a slope faces and relates to the north), (3) solar exposure (direction in which the slope faces and relates to the solar radiation), (4) profile curvature Kp (curvature of the surface in the direction of the steepest slope) and (5) plan curvature Kc (curvature in a horizontal plane, i.e., the curvature of the hypothetical contour line that passes through a specific point).
As one of the main interests in terrain studies is the effect of insolation, parameters such as the aspect are related to the geographic north. Here, we are mainly interested in describing how the different topographic features are related to the pressure source. Therefore, we have redefined a parameter called EXPOSURE to describe the terrain form in a way relative to the pressure source and not to the solar radiation (e.g., Antonic and Legovic 1999) . In the next few lines, we offer a short and simplified description of the topographic parameters used without any detail concerning the mathematics. A more extended explanation is included in Appendix 1.
In an intuitive way, if we think of the pressure source as a light source, the parameter EXPOSURE gives an idea about how it ''illuminates'' the topographic surfaces. In a more practical way, and applied to our case, assuming an overpressure in the source of deformation, this parameter allows us to identify those topographic surfaces that may (EXPOSURE [ 0) or not (EXPOSURE \ 0) be freely displaced because they are (or not) laterally confined. The parameter EXPOSURE at any point P TOPO is defined as the cosine Surv Geophys (2015) 36:513-548 527 of u, the angle between the plane tangent to the surface and the plane orthogonal to the source direction ( Fig. 5a ) (Appendix 1). The ?1 and -1 values are obtained when the two planes are parallel to each other (i.e., when the source direction is perpendicular to the terrain) and their normal vectors, n s and n a (Fig. 5a ), have the same and opposite sign, respectively. By contrast, u = 0 corresponds to two perpendicular planes or, in other words, the source direction is tangent to the terrain. The profile curvature Kp at each point P TOPO is the rate of change of the gradient along a profile passing through the topographic point (i.e., across the contour lines), whereas the plan (or contour) curvature Kc indicates the changing rate of the aspect (Fig. 5b) . In any case, the curvature value is the reciprocal of the radius of curvature, i.e., a broad curve has a small curvature and a tight curve a high one. In this study, both Kp and Kc are expressed in radians per 100 m. Commonly, the distribution of curvature per unit length (100 m in this work) in real-world DEMs is strongly peaked at the mode of zero (Evans 2013) . Thus, the presence of extremely positive and negative values can ''flatten'' the colors of the image. In order to solve this and be able to plot in a visible way all curvature values, we have applied a transformation of Kc and Kp values (Appendix 1).
Additionally, we define SLOPE max as the angle of the steepest descent (0°-90°) of a regression plane generated by mapping the surface at a point through a least-squares quadratic approximation approach (Young and Evans 1978; Wood 1996) (Appendix 1) .
Also, we describe the radial distance difference RDD as:
which describes the increment or reduction of the radial distance RD due to the presence of topography. (1) the direction of the pressure source described by its horizontal angle b and azimuth d and (2) the plane representing the topographic surface described by the maximum slope l and its aspect c. The n a and n s are the normal vectors to the topographic surface and the plane perpendicular to the direction of the source, respectively. b Contour curvature Kc and profile curvature Kp. The location of the underlying gridded map, with L node distance of 200 m, has been added for reference. The annotation of nine grid nodes represents the 3 9 3 nodes used in the parameter calculation (SLOPE max , EXPOSURE, Kc and Kp), where node 5 represents the point P TOPO at which the parameter values are calculated
Only four of the above-described parameters depend exclusively on the geometry of the topographic surface and are independent of the position of the pressure sources. These are RDD, SLOPE max , plane curvature Kc and profile curvature Kp. By contrast, the parameter EXPOSURE is related to both the geometry of the topographic relief and the source position. Figure 6 includes the contour fill maps of each parameter for all three case study areas.
Results
Uz_dif and Ur_dif
As mentioned, we compare the 3D FE results with the analytical solution of a spherical pressure source embedded in a homogeneous elastic half-space provided by McTigue (1987) . Expected vertical displacements are radially distributed around the pressure source axis with Uz max located directly above the pressure source center (Fig. 7) . By contrast, maximum horizontal displacements are situated at a certain constant distance from the pressure source axis, drawing an annulus centered on the pressure source (Fig. 7) .
In the case of Rabaul, the vertical deformation pattern obtained considering topography resembles the one expected by the analytical solution (Fig. 7a ). Main differences are restricted to distances from the pressure axis smaller than 5a (i.e., r \ 5a) and values of Uz_dif below 1 cm and mostly negative (i.e., Uz FLAT [ Uz TOPO ). Since in this example the reference level for the flat model is located below sea level (Fig. 4a) , all satellite volcanoes around the bay (at distances \5a) and the steep slopes of the rising caldera wall attenuate the vertical displacement signal (Fig. 7a label II and III, respectively) . Only in those areas at the interior of Blanche Bay deeper than 34.5 m b.s.l (reference for the flat model), Uz is larger compared to the expected analytical results (Uz_dif [ 0). Regarding the horizontal displacement, Ur_dif values are smaller than 1 cm over the whole studied area. Higher positive values (i.e., Ur TOPO [ Ur FLAT ) correspond to nonlaterally confined structures located at the bay interior, just above the pressure source center (Fig. 8a label I) , and at the satellite volcanoes to the east and northeast (Tavurvur, Turanguna and Kabiu) (Fig. 8a  label II) . Relative high positive values are located also at Vulcan (Fig. 8a label III) and at the southwestern rim of Tavui caldera (Fig. 8a label IV) . By contrast, negative values of Ur_dif are localized on the steep slopes of the caldera wall (Fig. 8a label V) and to the northeast of Vulcan, inside Blanche Bay (Fig. 8a label VI) .
The biggest differences between the deformation signal calculated with the FE models and those expected from the McTigue model (McTigue 1987) are recorded for Tenerife and El Hierro. In both cases, the reference level for the flat model corresponds to high altitudes over the sea level (Fig. 4b, c) . Related to this, Uz TOPO values are larger than Uz FLAT ones (i.e., Uz_dif [ 0) almost over the whole domain (Fig. 7b, c) .
For Tenerife and El Hierro, topographic effects on the vertical displacement signal are evident and mainly localized inside the r = 3a perimeter. In the Tenerife model, the distribution of Ur_dif is practically concentric around the pressure source axis, slightly modified by the presence of other volcanic edifices overlapping the central Teide edifice, e.g., Pico Viejo. In El Hierro model, Ur_dif is strongly controlled by the ridges and the landslide scarps shaping the island. The same happens for Rabaul where the caldera rim and the satellite cones determine the negative and positive Ur_dif values, respectively.
In the case of Tenerife, obtained Uz TOPO and Ur TOPO values are similar to the results of the axisymmetric FE models of Sect. 2, considering a volcanic edifice centered on the pressure source axis (Fig. 2) . In the latter models, we observe Uz max values distributed in an annular shape, indicating a region of maximum uplift with a slight central depression (Cayol and Cornet 1998; Fig. 2b label IV) . In terms of Uz_dif values, this is translated into a local minimum (with Uz_dif [ 0) directly above the pressure center and absolute positive maximum values at a certain distance from the pressure source axis describing an annulus (Fig. 3) . When using the real topography of Tenerife, we observe how the resultant Uz_dif pattern presents a local positive minimum of Uz_dif at the top of Teide (Fig. 7b label I) and maximum values are radially distributed around the pressure source axis, which corresponds almost to the axis of the Teide edifice (Fig. 7b) . In more detail, we observe how the regular annular distribution calculated by the simplified axisymmetric models degenerates into two areas of local maxima corresponding to Teide's northern (Fig. 7b label II) and southern ( Fig. 7b label III) flanks. By contrast, Uz_dif slightly decreases at the local topographic heights of Montaña Blanca (Fig. 7b label IV) and Pico Viejo (Fig. 7b label V) . The same observations apply for the horizontal displacements. Similar to the results obtained in Sect. 2 (Fig. 3) , the maximum positive values of Ur_dif are located at an annulus of variable width centered on the pressure source axis at a distance r between a and 5a. The annulus appears to be wider in the Pico Viejo area (Fig. 8b label I ) with higher Ur_dif values at the satellite cones located at the northern flank of Teide volcano ( Fig. 8b label II) and the steepest southwestern slopes of Pico Viejo (Fig. 8b label III) . Negative Ur_dif values are circumscribed to the r = a perimeter with maxima at the steep northern ( Fig. 8b label IV) and southern flanks of Pico Teide (Fig. 8b label V) .
In the case of El Hierro model, results obtained show maximum positive Uz_dif values inside the perimeter of r \ 3a, with a maximum located at the head of El Golfo landslide (Fig. 7c label I) . Relatively high Uz_dif values also expand to the southeast, along the north-south ridge (Fig. 7c label II) , and a slight local maximum is likewise observable at Las Playas scar (Fig. 7c label III) . Additionally, the highest negative Ur_dif values are located at the base of the El Golfo landslide head scarp (Fig. 8c label I ). For this model, Ur_dif are discontinuously scattered between the r = a and 3a perimeters differing from the concentric distribution observed for the Tenerife model. The highest positive Ur_dif values can be found on the low topographic and flat area of El Golfo landslide (Fig. 8c  label II) , and on the edge of its scarps running west and northeast from the pressure source axis (Fig. 8c labels III and IV) .
Correlation with topographic parameters
We are interested in investigating the correlation between the evaluated topographic parameters and the differences in the vertical and horizontal displacement Uz_dif and Ur_dif, respectively (Fig. 9 ). For this, we estimate Spearman's rank correlation coefficient Rs (Gauthier 2001) . The latter is a nonparametric measure of the strength of a monotonic relationship between paired data measured on at least an ordinal scale. The test, relatively insensitive to outliers and unaffected by the skewed distributions of the population (as is the case of Uz_dif, Ur_dif and most of the topographic parameter), is used for either ordinal variables or interval data that have failed the assumptions necessary for conducting Pearson's product-moment correlation (e.g., linearity, normality, non-or poorly skewed variables). The closer Rs to ?1 or -1, the stronger the monotonic relationship between the two variables (positive or negative). Rs comes with the significance value that gives an idea about how significant (and not related to random scores) is the inferred relationship. The selected horizontal distance intervals and their corresponding numbers of samples used to calculate the correlation are ( Fig. 9 ): 0-a (176 samples), a-3a (1410 samples), 3a-5a (2825 samples), 5a-7a (4249 samples), 7a-9a (5652 samples) and 9a-11a (7070 samples). We have tested that the interval selection for the analysis does not change significantly the results obtained. Further details on Spearman's rank correlation are included in Appendix 2.
Analyzing the results obtained for all case studies and parameters (Fig. 9) , the first clear outcome is the lack of a common pattern in all three models. Starting with the possible correlations of Uz_dif and Ur_dif with SLOPE max , results indicate that it is weak to very weak for Rabaul (for both Uz_dif and Ur_dif). By contrast, in Tenerife, there is a strong positive correlation of SLOPE max with Uz_dif at horizontal distances from the pressure source axis up to 3a. This means that the vertical deformation is amplified (Uz TOPO [ Uz FLAT ) in areas of higher SLOPE max . For El Hierro, strong positive correlation of SLOPE max with Uz_dif is only at distances r \ a.
In all three models, RDD and Uz_dif are very strongly negatively correlated for r \ a. This strong correlation can be extended up to r = 3a in the case of Rabaul. This indicates that Uz_dif increases (Uz TOPO [ Uz FLAT ) when RDD tends to negative values, i.e., there is a decrease in the radial distance from the observational point to the pressure source when passing from a flat model to one with topography (RDD TOPO \ RDD FLAT ). Contrarily, for distances[5a, in the case of Tenerife and Rabaul, the correlation passes from very weak to very strong positive (Fig. 9) . The type of correlation of RDD and Ur_dif differs in all three models. In the case of Rabaul, it is moderate to weak at any distance from the source.
Contrarily, the Tenerife model shows strong negative correlation for r between 3a and 5a and El Hierro model strong to very strong positive correlation for r \ a and r [ 5a.
In the case of the EXPOSURE parameter, there is no clear pattern common for all three models. Whereas in the Rabaul model the correlation between EXPOSURE and Uz_dif is only moderate to weak, for Tenerife it is very strong and positive for r between a and 3a.
Both correlations between profile and plan curvatures (Kp and Kc) and the deformation components are weak to very weak in all models independent of r.
Discussion
Results obtained in this and previously published works clearly demonstrated that extension, distribution and values of the vertical and horizontal displacements caused by the volume change of a buried pressure source may be modified under the presence of a nonflat topography.
On the one hand, the models using simplified topographies such as the ones presented in Sect. 2 allow understanding the influence of specific topographic features such as a centered volcanic edifice. By contrast, the results of these new 3D models using real topographies permit us to observe how at each observational point, P TOPO , the correlation between the topographic features and changes in the ground deformation signal is not straightforward.
From the performed Spearman's rank correlation (Fig. 9) , we obtain that there is a certain correspondence between some topographic parameters (e.g., EXPOSURE, SLOPE max and RDD) and changes in Ur and Uz due to the presence of topography. Whereas there are some b Fig. 9 Spearman's correlation coefficients (Rs) for the relationships between the topographic parameters (SLOPE max , EXPOSURE, Kp, Kc and RDD) and the deformation residuals Uz_dif and Ur_dif for all three models. Correlations are calculated at different intervals of distance from the center of the free surface (above the pressure source center). These distances are marked in the maps with dashed lines (left) and in the graphs with light gray vertical lines at the following horizontal distances from the pressure source axis: a (1500 m), 3a (4500 m), 5a (7500 m), 7a (10,500 m) and 11a (16,500 m), where a is the radius of the pressure source (1500 m). Note that lines that connect the Rs values along the graphs are only for illustrative purposes, and Spearman's correlation coefficient is calculated only once per interval. The degree of correlation is represented by a gray scale in the graphs, and the degree of its significance is represented by dots of different size Surv Geophys (2015) 36:513-548 535 common features (strong negative correlation for RDD and Uz_dif for r \ a in all models), these correlations vary from one case study to the other. A first assumption is that variations in Spearman's correlation coefficient depend on the distance to the pressure source and on each specific topography, or, in other words, an exclusive combination of the different topographic parameters. In order to understand why the correlation coefficients obtained are different in all three case studies, we analyze separately and carefully what changes in the individual topographies with distance to the source. In Fig. 10 , we have plotted for each observational point P TOPO the value of EXPO-SURE, SLOPE max and RDD to the horizontal distance to the pressure source. In all three case studies, EXPOSURE decreases with r (Figs. 6, 10a ). This is easy to understand since EXPOSURE values close to 0 indicate topographic surfaces parallel to the pressure source direction (i.e., small u values) (Fig. 5a) . Nevertheless, there are some particular differences between case studies. First, there is a quite important dispersion of the data for r [ 0 (for El Hierro) or r [ 2a (for Rabaul). In the case of Tenerife, this dispersion does not appear until r [ 4a. This is probably due to the fact that up to this distance, the central, and close-to-conical, Teide-Pico Viejo edifice is the dominant topographic feature. From 4a onwards, we find the Cañadas caldera wall, which leads to data dispersion. In the other two examples, irregular and varied morphologies such as satellite cones in the case of Rabaul or a series of landslide scars in El Hierro are scattered all over the entire area.
In the case of RDD, for the Rabaul model, it covers almost equally both positive and negative values over a more or less constant range (Fig. 10b) . There are two positive peaks, one at a \ r \ 2a corresponding to Tavurvur volcanic edifice and a bigger one between 2a and 4a, which corresponds to Kabiu, Turangunan and Vulcan edifices and the caldera Fig. 10 Plot of the main topographic parameters measured at each sampling point P TOPO , versus the radial distance of the point from the center of the free surface (above the pressure source center). For all three studied areas: a EXPOSURE versus radial distance (r/a), b RDD versus radial distance (r/a), and c SLOPE max versus radial distance (r/a) wall. By contrast, both Tenerife and El Hierro case studies show nearly the same behavior, with almost all RDD negative values, i.e., there is a ''loss'' of mass with respect to the flat model. There is a peak of negative values at r between 2a and 3a for Tenerife (Pico Teide northern and southern steep flanks) and between a and 2a for El Hierro (El Golfo and Las Playas landslide structures). The main difference between the Tenerife and the El Hierro RDD values is that the latter ones are more scattered.
When observing the values of SLOPE max over r for El Hierro, these are mainly located in a band covering from 0°to around 30°. SLOPE max values over 30°are mostly due to the steep walls of the landslide scars of El Golfo, El Julan and Las Playas. In the case of Rabaul, most data are located in a band between 0°and 10°. In distances comprised between a and 4a, SLOPE max values reach up to 35°, which correspond to the volcanic edifices flanks around the caldera and the caldera walls.
We investigate now the distribution of Uz_dif and Ur_dif versus the different topographic values (Figs. 11, 12 ). For the Rabaul case, it is clear that the best correlation is reached for Uz_dif and RDD considering r \ 3a (negative Rs, Uz_dif increases as RDD decreases) and r [ 5a (positive). There is also a slight correlation of SLOPE max and Uz_dif for r \ a. In the case of Ur_dif, only a minor correlation with the EXPOSURE parameter for 3a \ r \ 5a and [ 7a is visible. This is clearly different for Tenerife and El Hierro where there is a well-defined correlation for Uz_dif, EXPOSURE, SLOPE max and RDD (Fig. 11a) . It is curious to note the difference between the correlation of EXPOSURE with Uz_dif and Ur_dif. In the first case, it is monotonically increasing for a \ r\5a, i.e., higher EXPOSURE values lead to higher Uz_dif values and there appears to be no correlation for r \ a and r [ 5a. Even for r \ a the values of Uz_dif are high. By contrast, for Ur_dif, the Fig. 11 Plot of the main topographic parameters versus Uz_dif, measured at each sampling point P TOPO . For all three studied areas: a EXPOSURE versus Uz_dif, b RDD versus Uz_dif and c SLOPE max versus Uz_dif Surv Geophys (2015) 36:513-548 537 relation with the EXPOSURE parameter shows a ''D-shaped'' distribution with the smaller (negative) values closer to the pressure source. In the case of Tenerife, the correlation of Uz_dif with SLOPE max for r \ 5a is also clear. It is very interesting to see, for example, how the distribution of the EXPOSURE values versus Uz_dif and Ur_dif shows similar distribution for El Hierro and Tenerife. However, this is not the case for SLOPE max or RDD. Considering the values comprised in the range 0 \ r\5a, the positive correlation between EXPOSURE and Uz_dif is represented by a distribution of points around a single trend in the Tenerife case, while for El Hierro these points are distributed along two trends (Fig. 11a) . The trend that reaches higher levels of Uz_dif corresponds to the points located at El Golfo embayment; the second trend to the points situated on the opposite side of the scarp edge.
The ''D-shaped'' distribution of EXPOSURE values versus Ur_dif (Fig. 12a) is very clear for Tenerife. For higher EXPOSURE values (i.e., 0.8-1) and for lower ones (i.e., -0.2-0.3), there is no correlation between Ur_dif and EXPOSURE. The positive correlation is clearer for EXPOSURE values between 0.3 and 0.8, both for Tenerife and El Hierro (Fig. 12a) . For low EXPOSURE values, the deformation field ''illuminates'' the topographic surface in a tangential way. Thus, the points on vertical radial walls that are pushed radially encounter the resistance of the following material along the wall, thus generating smaller Ur displacements (e.g., scarp of El Golfo embayment, Fig. 8c ). Higher Ur displacements are located on the edge of the scarp wall where the points are free to move radially (e.g., edges of El Golfo embayment, Fig. 8c ). For similar reasons, steep flanks dipping outward from the pressure source are not laterally confined and therefore less ''resistant'' to deformation. In addition due to the edifice morphology, the points closer to the source of deformation (and thus subjected to a stronger deformation) are located Fig. 12 Plot of the main topographic parameters versus Ur_dif, measured at each sampling point P TOPO . For all three studied areas: a EXPOSURE versus Ur_dif, b RDD versus Ur_dif and c SLOPE max versus Ur_dif along the slope of the edifice. Therefore, the lack of material, both laterally and vertically, influences the field/distribution of horizontal and vertical displacements.
In summary, although there is a clear correlation between the different topographic parameters and the resultant Uz_dif and Ur_dif values, it is not consistent among all three case studies. This leads us to think that there is a general mutual dependency between the different studied parameters including the distance to the source. In order to investigate this, we have plotted r/a, RDD and EXPOSURE together with Uz_dif and Ur_dif (Fig. 13) . We can observe that, for the same RDD value, Uz_dif values increase as the EXPOSURE parameter increases. It is also clear that high RDD and EXPOSURE values and low r/a lead to high positive Uz_dif values. Contrarily to what is assumed now, increasing or decreasing RDD (or the distance to the pressure source) does not imply an increment or reduction of Uz_dif or Ur_dif. We interpret this as being one topographic parameter more or less efficient changing the ground deformation signal depending on the general morphology of the area.
Since topography around Rabaul Caldera does not present important positive or negative reliefs, a flat model is expected to be accurate enough for this area. This is true for Uz that shows small differences between the flat and the topographic model even close to the deformation source (for r \ 3a) where the topographic parameter with dominating correlation is RDD. However, even if the flat model is a good approximation for the Uz component, it misses to represent the Ur perturbations localized on the slopes of satellite volcanoes (Fig. 7b II, III) where there is a moderate correlation between RDD and SLOPE max . SLOPE max and EXPOSURE start to have a stronger correlation with Ur from distances r [ 3a. Surv Geophys (2015) 36:513-548 539 The effect of topography is not only restricted to the fact that RDD increases due to an increase in altitude. Other factors such as the terrain form or the influence of the combination of land features are key parameters. If in the case of Tenerife the topographic signal resembles the one generated by a synthetic cone of about 30°slope, for El Hierro, the big area where the material is ''removed'' due to El Golfo landslide doubles and shifts the ground deformation signal making more difficult a comparison with a simplified synthetic edifice.
In areas where there are abrupt topographic changes (i.e., El Hierro), the relationships between the deformations and the topographic parameters are less clear. This could be due to the fact that spatial variations in the deformation field do not accommodate as fast as the topographic parameter variations. This supports the idea that the deformation field is influenced by the presence of topographic structures that have a ''synergetic'' impact on the deformation. It is also important to know how these structures are situated toward the pressure source, if these are concentric, outward dipping, etc. Topography will not affect equally different magma chamber shapes or positions, even for the same topography.
Regarding the use of half-space solutions, within all tested models, the effects of topography vanish at a distance from the pressure source axis. This would indicate that for such distances, half-space solutions could be used as a relatively proper approximation for quantitative interpretation.
Summary and Conclusions
We have run a series of new finite element models to evaluate the topographic effect on ground deformation signals including both synthetic axisymmetric models and 3D ones using real topographies. We have selected three case studies Rabaul, Tenerife and El Hierro, since these are representative for topographies in volcanic areas. Results obtained are clear and contradict the general assumption that the main and possibly unique parameter controlling the topographic effect on ground deformation signal is the change in radial distance RD to the pressure source. Further topographic parameters such as the slope or EXPOSURE (i.e., terrain exposure toward the direction of the deformation source) at the observation point also play an important role.
Even being under the effects of the same pressure source (in terms of geometry and pressure in excess), since the parameters describing the terrain form combine differently in the selected case studies, the consequent topographic effects are dissimilar in all three cases. From all three examples, Tenerife is the only one showing a deformation pattern closer to the results of the synthetic models presented by Cayol and Cornet (1998) and complemented in this work. Two important factors play a role in the displacement field of Tenerife. There, where the deformation signal is stronger, the topography approximates a regular cone and the pressure source is almost centered on its symmetry axis. We have seen how morphologies altering the symmetry of the topography such as Pico Viejo or Montaña Blanca also modify the Uz_dif and Ur_dif.
In areas with smooth topography, the result is practically the same as for the flat model, with topographic effects quite small and most probably below instrumental resolution. Special attention has to be paid when studying areas with abrupt topographic changes such as prominent landslide scars or steep collapse caldera walls, in particular if these are orthogonally exposed to the direction of the pressure source (i.e., EXPOSURE & 1 or -1). These areas may correspond to extremely free or laterally confined surface, leading to important amplifications or attenuations of the deformation pattern, specially the horizontal component.
Thus, when studying the ground deformation signal at an area, especially when trying to invert it for differentiating the responsible pressure source, we recommend performing a topographic study first. This should include an analysis of the most prominent terrain forms in the area in terms of topographic parameters such as slope and EXPOSURE. Besides, preliminary forward models with a simplified version of the topography may help to understand the topographic effects existing in the ground deformation signal and may serve to filter them from the obtained data. A good example has been here shown for Tenerife island, where the morphology of Teide central volcanic edifice, close to a symmetrical cone, leads to alterations in the ground deformation signal similar to the synthetic results presented in previous studies.
Topographic effects in certain areas have been demonstrated to be of high relevance, and, therefore, flat half-space models should be avoided whenever possible. Or, in any case, FE models should be run and deformational results should be interpreted after the analysis of how the topography of the area may affect the results obtained.
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Appendix 1: Topographic Parameters
In order to evaluate the values of the different topographic parameters describing the terrain form at each of the case studies, first, we approximate the topographic surface by a bivariate quadratic function in the following form (Young and Evans 1978; Wood 1996) :
where T x , T y are the x-and y-coordinates of the point of interest P TOPOi of the sampling grid. The method approximates the terrain surface to a local quadratic surface fitting, in a least squares sense, the bivariate quadratic function (Eq. 3) to eight grid altitude values surrounding the point of interest (Fig. 5b) . Using a 3 9 3 submatrix grid cell that moves along the grid, the calculation of the coefficients of Eq. 3 is reduced to a series of simple arithmetic equations (Young and Evans 1978; Florinsky 1998 ) derived by Pennock et al. (1987) :
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where T iz is the altitude value of the -i point of the submatrix. Nine values of altitude are used to estimate six coefficients of the polynomial (Eq. 3). This fitting provides an easy calculation of the first and second derivatives of the surface used to calculate the slope, the aspect, the exposure and the curvatures (Pirotti and Tarolli 2010) . The polynomial (Eq. 3) approximates the z coordinates of the 3 9 3 submatrix rather than passing exactly through these values (Florinsky 1998) . This leads to some smoothing of the z function within the 3 9 3 submatrix, that is, a low-pass filtering that can provide more correct calculation of derivative (Florinsky 1998) . Among the several methods proposed for trend surface analysis, the quadratic approximation approach provides the most precise estimate of topographic variables in the presence of elevation errors (Florinsky 1998; Albani et al. 2004 ) such as the errors introduced by COMSOL during the meshing process of the topographic surface.
EXPOSURE
The parameter EXPOSURE, the terrain exposure toward the direction of the deformation source, at any point P TOPO is defined as the cosine of the angle u between the plane tangent to the surface (normal vector n a in Fig. 5a ) and the plane orthogonal to the source direction (normal vector n s in Fig. 5a ). It can be computed from Antonic and Legovic (1999) where l is the terrain maximum slope, c is the terrain aspect, d is the azimuth of the direction toward the pressure source (different for each point at the terrain surface) and b is the horizontal angle of the source direction (Fig. 5a ). The terrain aspect c is defined by the direction of maximum slope and describes the horizontal direction to which a mountain flanks with respect to the geographic north. The aspect in degrees (0°-360°) is calculated computing the angle between the north and the direction of steepest descent (clockwise from the north) using the formula:
where d and e are the parameters obtained from Eqs. 7 and 8, respectively. The parameter EXPOSURE ranges from -1 to ?1. The 0 value is obtained for flat surfaces (i.e., l = 0, sin (l) = 0) with the direction of the source parallel to the plane tangent to the surface (i.e., b = 0, sin (b) = 0). The maximum value, ?1, is obtained, for example, in the ideal case when the direction of the source is perpendicular to a terrain flat surface (l = 0 and b = 90°) and has sign in agreement with the vector normal to the terrain surface (n a , Fig. 5a ). That is when, due to b = 90°, the second right term of Eq. 10 goes to zero (cos (b) = 0), and the first right term to its maximum value (cos (l)Ásin (b) = 1).
Profile and Plan Curvatures: Kp and Kc
The curvature of a line is obtained by intersecting a plane with the terrain surface and corresponds to the second partial derivative of the terrain (Evans 1979) . The two curvatures computed in this study, expressed in radians per 100 m, are (Fig. 5b): (1) the plan (or contour) curvature Kc, which is the rate of change of aspect along a contour measured at the point of interest, and (2) the profile curvature Kp, which is the rate of change of gradient measured at P TOPO . Thus, Kp is the curvature of the surface in the steepest downslope direction, while Kc is the curvature of a contour drawn through P TOPO (Fig. 5b) .
The quadratic function at Eq. 3 has the advantage that the second-order properties (curvature or convexity) can be directly computed from the function. Evans (1979) defines profile and plan curvature as follows:
where a, b, c, d and e are the same coefficients of Eq. 3 and described in Eqs. 4 to 8. In general, the units of curvature are radians per meter, which correspond to the change in orientation that results from traveling 1 m along the respective line (McKenzie et al. 2008) .
Because curvature values are much \1, the curvature terms Kp and Kc are multiplied by 100 in Eqs. 12 and 13. Therefore, here the curvatures are expressed in radians per 100 m. Commonly, the distribution of curvature per unit length (100 m in this work) in real-world DEMs is strongly peaked at the mode of zero (Evans 2013) . Thus, the presence of extremely positive and negative values can ''flatten'' the colors of the image. To solve this and thus being able to plot in a visible way all curvature values, we have applied a transformation to the Kc and Kp values. This transformation requires the calibration of a constant multiplier, k, which is chosen to minimize kurtosis in a trial-and-error process:
T Kp ¼ log 10 Kp j jÁ k þ 1 ð Þ ð 15Þ
where T Kc and T Kp have the same sign as Kc and Kp, respectively. The constant multiplier k is 10 6 for both curvatures.
SLOPE max SLOPE max is defined as the angle of the steepest descent (0°-90°) of a regression plane generated by mapping the surface at a point through a least-squares quadratic approximation method (Young and Evans 1978; Evans 1979; Wood 1996) . The maximum slope SLOPE max can be calculated as follows (Wood 1996) :
where d and e are the coefficients of Eq. 3 defined in Eqs. 7 and 8, respectively. This formula provides the maximum slope in radians; we converted the resulting radians to degrees since they are more intuitive values for the representation of the slope steepness.
Appendix 2: Spearman's Rank Correlation
Spearman's rank correlation is a nonparametric measure of the strength and direction of association that exist between two variables measured on at least an ordinal scale (Gauthier 2001 ). The test is used for either ordinal variables or interval data that have failed the assumptions necessary for conducting Pearson's product-moment correlation (e.g., linearity, normality, non-or poorly skewed variables). The calculation of Spearman's correlation coefficient Rs and its subsequent significance testing requires the following data conditions:
(1) variables are measured on (occasionally ordinal) interval or ratio level and (2) variables are monotonically related. The obtained Spearman's correlation coefficient is a statistical measure of the strength of a monotonic relationship between paired data, and it is useful with ordinal data and is robust to outliers (unlike Pearson's correlation). In a monotonically increasing function (positive) as the x-variable increases, the y-variable never decreases. By contrast, it is said to be a monotonically decreasing function (negative) when as the x-variable increases the y-variable never increases. Consequently, a not monotonic function is one where the x-variable increases and the y-variable sometimes decreases and sometimes increases. The prediction or null hypothesis assumes no monotonic correlation (with Pearson, we investigate the linearity; with the nonparametric Spearman, we cannot test the kind of relationship, but just how much monotonic and which direction). Spearman's correlation coefficient is by design constrained as follows:
À1 Rs 1 and its significance; p À value ð Þ ð 17Þ
The closer Rs to ?1 or -1, the stronger the monotonic relationship between the two variables (positive or negative). Rs comes with the significance value that gives an idea about how significant (and not related to random scores) is the relationship just found. The significance of Rs, p value, is provided as a value in the interval 0.0-1.0 and corresponds to the probability that the found Rs value is due to random chance. A small significance p value allows us to reject the null hypothesis (i.e., that the correlation value is due to chance) and indicates that the Rs value is significant. Commonly, a p value of 0.05 indicates a very highly significant Rs value.
Correlation is an effect size, and its strength can be described using the following guide for the absolute value of Rs: 0.00-0.19 ''very weak''; 0.20-0.39 ''weak''; 0.40-0.59 ''moderate''; 0.60-0.79 ''strong''; and 0.80-1.0 ''very strong''. Besides, if Rs is negative, it indicates that the two variables are inversely related (one increases as the other decreases). By contrast, if Rs [ 0, then both variables are positively correlated (they both increase together). Note that, Spearman's correlation coefficient being a measure of a monotonic relationship, a value of Rs = 0 does not imply there is no relationship between the variables. For example, in the case of perfect quadratic relationship, Rs = 0.
